This communication describes a simple method for printing aqueous solutions with millimeter-scale patterns on a variety of substrates using an easily fabricated, paper-based microfluidic device (a paper-based -stamp‖) as a contact printing device. The device is made from inexpensive materials, and it is easily assembled by hand; this method is thus accessible to a wide range of laboratories and budgets. A single device was used to print over 2500 spots in less than three minutes at a density of 16 spots per square centimetre. This method provides a new tool to pattern biochemicals-reagents, antigens, proteins, and DNA-on planar substrates. The accuracy of the volume of fluid delivered in simple paper-to-paper printing is low, and although the pattern transfer is rapid, it is better suited for qualitative than accurate, quantitative work. By patterning the paper to which the transfer occurs using wax printing or an equivalent technique, accuracy increases substantially. This paper describes a technique for printing patterns of aqueous solutions using three-dimensional, microfluidic, paper-based analytical devices (3D-p.PADs) as -stamps‖ (e.g., pattern-transfer agents). This technique is a useful addition to the range of microfluidic devices that can be constructed using paper, and has applications in adding reagents to other paper-based microfluidic devices and in patterning reagents at millimetre scale, on paper, and on other flat substrates. We and others have 1 2,3 developed various contact printing methods to pattern bacteria, self-assembled monolayers (SAMs), 4 5,6 7 8 9 10 11 polymers, proteins, peptides, DNA, biomolecules for cell culture, microorganisms, and metals on a variety of substrates with micro-scale resolution. Even though these methods could be useful in paper-based microfluidics, they are often expensive, and their resolutions are greater than that required for paper-based devices-typically millimetre-scale patterns designed to be read by eye, or using a cell phone camera-and may have other weaknesses: they deliver limited quantities of reagents, require frequent inking, and require materials for construction that may not be broadly available. Inkjet printers provide an excellent method for patterning materials on paper and other thin and flexible materials, and they have been demonstrated in applications with p.PADs; 12 however, these methods typically require customization of the printer and inks, and are probably better suited for large-scale manufacturing than for prototyping. The paper-based system we describe here for printing has four useful characteristics: (i) the flexibility in design and fabrication of the stamps allows for rapid prototyping of printing devices; a completely new device can be fabricated in less than two hours. (ii) The paper-based stamp is easily connected to fluid reservoirs that automatically supply the printing area with fresh ink through paperbased microfluidic channels; most printing methods require periodic re-inking of the stamp. (iii) Since each fluid reservoir can hold a different -ink‖, it is straightforward to print several (in this work, up to four) different solutions in a single printing step. (iv) The technology requires little in the way of infrastructure and is appropriate for use in resource-limited environments. The disadvantages of this method are that, in its current form, the resolution is limited to the millimetre scale, there is variation in the quantity of reagent delivered, and in the shape of the printed pattern, variation can also be high unless other constraints are introduced. The system can also only be used with aqueous solutions, or other solutions that do not wick uncontrollably in µPADs.
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We fabricated the stamps by stacking layers of patterned paper and double-sided adhesive tape as [12] [13] [14] described previously, and detailed in the ESI † (Fig. 1A) . Stacking layers of patterned paper and double-sided adhesive tape yielded three-dimensional paper-based microfluidic stamps for printing. Aqueous solutions introduced at the fluid reservoirs wicked through the entire paper-based device to form the desired array of spots. It takes -15 minutes to assemble a stamp manually from its necessary components. The bottom layer of the device consists of a piece of paper patterned with the shapes to be printed. Each shape on the bottom layer of the stamp is connected to fluid reservoirs on the top layer of the stamp through channels patterned into the middle layers of the device. We designed the devices with fluid reservoirs outside of the printing area, so that we could apply pressure to the printing area without affecting the reservoirs. Attaching a piece of plexiglass with inlet holes to the top of the device provided fluid reservoirs and a rigid support for the stamp (Fig. 1A) . A wooden handle attached to the plexiglass facilitated manipulation of the stamp (Fig. 1B) . Inserting 200 µL pipette tips into the holes in the plexiglass increased the capacity of the fluid reservoirs (Fig. 1C) .
To prime the device for printing, -20 gL of solution were allowed to wick from the fluid reservoirs to the bottom of the device. Once the solution reached the bottom of the device (-5 minutes after adding the solution to the fluid reservoir), the device was ready for printing ( Fig. 1D ). When the device is pressed against a substrate, only the area containing the patterns to be printed comes into contact with the substrate.
We printed a variety of ‗inks' on different substrates to establish the generality of the method. Wetting of the substrate, and capillary action, allowed inks to transfer from the paper-based stamp to the substrate. We printed aqueous solutions of small molecules, proteins, and nucleic acids in different shapes and patterns on a wide variety of substrates including paper, glass, polystyrene (PS), nitrocellulose (NC) membranes, cellulose acetate (CA) membranes, hydrophilic polyvinylidene fluoride (PVDF) membranes and thin-layer chromatography (TLC) plates made with silica gel (as shown in ESIf ). Both porous, hydrophobic substrates and non-porous, hydrophilic substrates accepted ink, but the resolution was lower on the latter than on the former.
The frequency with which prints can be made manually using this type of stamp is around 15 per minute, and we have successfully used a single stamp to print over 500 patterns with no signs of deterioration. In systems in which the stamping area connects to fluid reservoirs that supply -ink‖, we have made more than 40 pattern transfers before refilling the reservoirs. The fluid reservoirs can hold different solutions, so that multiple solutions can be printed simultaneously.
The stamps can print arrays of spots at densities (25 spots per cm 2 ) comparable to many array-based formats. For example, these densities are similar to those in 384-well formats (9 mm 2 per well or 11 wells per cm 2 ) and could easily be designed to fit into devices designed for this format."
The quality of printing To evaluate the performance of paper-based stamps, we printed patterns of circular spots on Whatman Chromatography Paper No. 1 using low-molecular-weight, water-soluble dyes [Allura red (red), Erioglaucine (blue), Tartrazine (yellow), and Tartrazine (green)] (Fig. 1E and 2A ) and on patterned Whatman Chromatography Paper No. 1 (Fig. 1F) , respectively. The resulting patterns demon strate the capability of the method for printing small molecules, and since the patterns are easily visible, they can be used to evaluate the performance of the method (Fig. 2) . The pattern shown in Fig. 2A contains an array of 64 spots each with a nominal diameter of 1 mm and an area of 0.79 mm 2 . With 20 µL of sample added to each fluid reservoir, we were able to print 45 patterns in 3 minutes. Each impression took approximately 4 seconds to complete (~2 seconds to align the stamp with the substrate and ~2 seconds of contact time between the stamp and the paper). The measured area of the printed spots was 1.0 ± 0.4 mm 2 (average ± standard deviation, N = 1601). The calculated mean diameter of the spots (π/4 x square of the diameter is the area) was 1.1 ± 0.2 mm. The size of the printed spots is generally larger than the pattern on the stamp because the aqueous solutions wicked laterally on hydrophilic substrates (e.g.,paper) after application. Fig. 2B shows a histo gram depicting the distribution of areas measured in Fig. 2A . The ESI outlines the automated method we used to measure the areas of the spots. For one sheet of arrays of spots (Fig. S 1Af) , the average measured area for the spots was 1.0 ± 0.4 mm 2 with N = 6166 (calculated mean diameter was 1.1 ± 0.2 mm 2 with N = 6166). For another similarly printed sheet (Fig. S1Bf) , the average measured area for the spots was 1.0 ± 0.4 mm 2 with N = 6394 (calculated mean diameter was 1.1 ± 0.2 mm 2 with N = 6394).
We estimate that each spot consumed ~30 nL of solution, and that the device delivered ~2 gL of solution per square centimetre of the printed surface area.
The coefficient of variation (standard deviation divided by the mean) for the measured areas of the spots was ~40% (18% for the calculated diameters). Fluctuations in the quality of the printing may result from variations in porosity of the substrate, cleanliness of the substrate, relative differences in hydrophobicity/hydrophilicity between the substrate and applied liquids, contact time, time between imprints, applied pressure, and flow of fluid through the network of channels in the device. We have not made a serious engineering effort to reduce the variation at this stage of development of the device. For longer contact times between the stamp and the substrate, capillary action will draw more fluid from the stamp to the substrate. For variations in time between imprints, different transferable quantities of fluid might be available at the head of the stamp. With long periods of time between imprints, fluid can accumulate on the head of the stamp. With periods of time between imprints (less than 1 second) shorter than the time to refill each printing area, we have observed that the head of the stamp becomes depleted in ink. This results in fluid not being transferred to the substrate in some locations. Paper-based microfluidic channels and vias can vary in their fluidic resistance (i.e., the time required for fluid to fill all the regions on the stamp to a steady state value can vary from spot to spot). This variation may also contribute to variations in the areas of different spots printed simultaneously. Because the experiments in this work were manual, we did not precisely control the pressure and the applied force between imprints.
The large systematic variation in the quantity of fluid transferred during printing will limit the utility of this type of contact printing for experiments and assays that require accurate and reproducible transfer of fluids for quantitative analysis. Paper-based contact printing may therefore be most useful in applications in which the response is semiquantitative or binary (e.g.,the presence or lack of a specific antigen). To what extent reproducibility can be improved by optimizations in design, fabrication, and operation remains to be determined.
Printing into pre-defined areas
One of the factors contributing to spot-to-spot variation is variability in the wicking (both in the sheet being printed, and in the channels supplying the fluid). At least one factor-the areas being wetis under our control. By using wax printing 16 to define printed, hydrophilic areas of approximately 1 mm 2 in the substrate receiving transferred ink, we reduced the coefficient of variation for the measured areas from 40% (Fig. 2B) to 21% (Fig. 3B) , which corresponds to a reduction in the coefficient of variation from 18% to 11% for the calculated diameters. For substrates with larger printed areas of approximately 3 mm 2 and contact times of 10 s to transfer the ink from the paper-based stamp, we further reduced the coefficient of variation for the measured areas to 11% (5% for the calculated diameters).
To study the effects of size and contact time on the reproducibility of printed spots, we printed water-soluble dye (Allura red) into the hydrophilic circular regions with two nominally different diameters and three different contact times for holes of each size. For the smaller sets of printed spots (diameters of ~1 mm), the contact times were approximately 2, 3, and 4 s (low, medium, and high). For the larger sets of printed spots (diameters of ~2 mm), the contact times were approximately 2, 5, and 10 s (low, medium, and high). The time between printing steps was 3 s, except in cases when refilling the reservoirs was necessary.
For contact times of 4 s with the smaller spots, the calculated mean diameter was 0.9 ± 0.1 mm with N = 400 (coefficient of variation of 11%); for contact times of 10 s with the larger spots, the calculated mean diameter was 2.0 ± 0.1 mm with N = 400 (coefficient of variation of 5%). As shown in Fig. 3C , the coefficient of variation for these sets of experiments was lowest when printing the larger spots with the longest contact time. For the larger spots, shorter contact times of 2 and 5 s correlated with higher coefficients of variation for the printed areas, which are a result of partial filling of the hydrophilic circular regions in the substrate. For the smaller spots, shorter contact times of 2 and 3 s did not correlate with higher coefficients of variation in both cases (coefficient of variation of 13% for a contact time of 2 s; coefficient of variation of 9% for a contact time of 3 s). However, the smaller printed spots with a contact time of 2 s resulted in more partially filled regions than those found in the substrates with smaller printed spots with contact times of 3 and 4 s (Fig. 3B and S6C and D †) .
Paper-based stamps are not limited to printing circular spots. They can also be used to print simple shapes. Fig. 2 and S5 † show two sets of shapes printed on paper. Larger shapes (line width ≥ 1 mm) can be printed with well-resolved patterns. We also tested our ability to print aqueous solutions of the small molecule dyes on other substrates: NC membranes, CA membranes, PVDF membranes, and silica gel (Fig. S5B †) .
Paper-based stamps provide a versatile and inexpensive system for printing repetitive patterns on different substrates. These stamps are capable of patterning large features ($ 1 mm), and transfer of ink from a stamp to pre-defined areas can improve the reproducibility of features. In the case of transferring ink to a pre-patterned substrate, increasing contact times can lower the variation of spotted areas by increasing the probability of completely filling pre-defined areas. The pre-patterned substrates and stamps are made from inexpensive materials (e.g.,paper and tape) and can be prototyped rapidly, thus making this printing method ideal for preliminary experiments and accessible to a wide range of laboratories. . In this case, the stamp transferred fluid to a set of empty wells on a piece of paper patterned by photolithography into arrays of wells that matched the pattern of the stamp_ A similar method is described in more detail in Fig. 3 . The printed results are slightly larger than the patterns in the stamp because of the lateral spreading of fluid on the paper. We printed black lines on the paper substrate using a laser printer to help align the paper-based stamp to the substrate.
